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Introduction
The yeast Pichia pastoris is being developed as a widely used host organism for recombinant protein production (recently reviewed by Macauley-Patrick et al., 2005) . Rapid growth and a high secretory capacity including proper folding and a variety of post-translational modifications are among the advantages of this host. More and more effort is invested into the optimization of production strains. This includes the development of new promoters (Hartner et al., 2008) or cotransformation of helper factors (Gasser et al., 2007) for secretion, just to name two.
The copy number of the expression cassettes introduced into the host organism remains one of the 'early' bottlenecks affecting heterologous protein productivity. In numerous examples, the isolation of multicopy integrants has resulted in dramatically higher yields (Romanos, 1995) , so gene dosage can be critical for maximal expression. The preferred mode of transformation of P. pastoris is the use of integrative plasmids, which are stable but usually integrated with only a low copy number. Various methods to increase the copy number have been described. For example, multicopy integrants can be generated by spheroplast transformation, yielding transformants with a wide range of copy numbers. However, this necessitates the screening of a large number of individual clones to gain few improved producer strains (Clare et al., 1991) . Multicopy constructs are gained furthermore by transformation with DNA concatemers (Sreekrishna et al., 1997) . The cloning effort is high for DNA concatemers and the achievable copy numbers are limited. Similarly, the expression cassette can be integrated by repeated rounds of transformation using different selection markers, but also in this case the effort is high and the outcome limited. Chen et al. (2006) reported that by rescreening of clones on increased antibiotic concentration rare muticopy integrants can be found, leading to a higher productivity of the desired protein. Similarly, Sunga et al. (2008) , described a method for post-transformational vector amplification. The protocol relies on a selection of clones comprising one or few copies of the expression cassette on high(er) levels of antibiotic. In this way, clones comprising an increased number of the vector can be found. While no additional cloning steps are necessary, the screening effort is still high and a significant number of clones is accumulated that shows increased drug resistance but not an increased number of vector copies or higher protein expression levels.
In yeast expression systems other than P. pastoris, highcopy-number integration into the ribosomal DNA (rDNA) has been established (Domínguez et al., 1998) . For example, in Saccharomyces cerevisiae the strategic approach for targeted integration of an expression vector to the rDNA cluster, of which approximately 150 tandem repeats are present, was first described by Lopes et al. (1989) . The respective vector was found to be present in up to 200 copies per cell. The mechanism of high-copy-number integration is based on the initial integration of a small number of copies into the rDNA followed by an amplification driven by a strong selection pressure (Lopes et al., 1991) . Similar approaches have been shown to be useful for Hansenula polymorpha (Klabunde et al., 2002) , or Arxula adeninivorans Wartmann et al., 1998; Steinborn et al., 2005) . While integration into the rDNA regions of P. pastoris can be achieved with heterologous ribosomal sequences (Steinborn et al., 2006) , this has never been evaluated as a means for vector amplification in this yeast.
Here, we describe a new expression vector based on the rDNA locus of P. pastoris for integration and we demonstrate that post-transformational vector amplification leads reliably to multicopy clones of the genes of interest with very low screening effort. To elucidate the application of an rDNA integration approach in P. pastoris for simple generation of multicopy strains, we selected two model proteins: human Cu/Zn superoxide dismutase (hSOD) was chosen as a reporter protein accumulating in the cytoplasm of the cell and human serum abumin (HSA) as a secreted reporter protein. hSOD (E.C. 1.15.1.1) is the enzyme that catalyzes the removal of superoxide radicals that are generated in various biological oxidations (Fridovich, 1975) . hSOD is a dimeric protein composed of identical subunits. Because the enzyme is accumulated in the cytoplasm, expression levels should primarily depend on transcription and translation, without further implications of the secretory pathway. HSA is the major protein component of human plasma and consists of a single nonglycosylated polypeptide chain of 585 amino acids, with a molecular weight of 66.5 kDa (Minghetti et al., 1986) . It has been demonstrated for Kluyveromyces lactis that high-level secretion of HSA is a function of gene dosage (Fleer et al., 1991) . For H. polymorpha, it was shown that two copies of the expression cassette were favorable compared with strains harboring only one copy (Cox et al., 2000) . However, Kang et al. (2001) report a limited HSA production by multicopy integrants speculating about a blockage of the secretory pathway at high gene dosage. Interestingly, a certain correlation between copy number and HSA production in P. pastoris has been shown by Kobayashi et al. (2000) , underlining the usefulness of HSA to test a new vector amplification approach.
Materials and methods

Strains
The Escherichia coli strain Top10 (Invitrogen, Carlsbad, CA) was used as a cloning host. The P. pastoris strains X-33 (wild type) and SMD1168H, a pep4 mutant (both from Invitrogen) were used for heterologous protein expression.
Plasmids
The plasmid pET3aSOD (Mattanovich et al., 1996) was used as PCR template for the amplification of hSOD. The expression vector pGAPZB (Invitrogen) was applied for expression of hSOD. pPuzzle_GAP_HSA an in-house P. pastoris expression vector (see Gasser et al., 2008a) was used for expression of HSA.
Isolation of genomic DNA from P. pastoris For preparation of genomic DNA from P. pastoris, the DNeasy s Blood & Tissue Kit (Qiagen) was used, following the supplier's supplementary protocol for the purification of total DNA from yeast. Concentration of isolated DNA was measured with a spectrophotometer at 260 nm (Nanodrop).
DNA manipulation
If not stated otherwise, standard procedures were used for DNA manipulation. PCR was carried out with KOD XL Polymerase supplied by Novagen, according to the Novagen user protocol. The PCR Product for hSOD was obtained using the template pET3aSOD and the primers SODfw_SfiI and SODbw_NotI (see Table 1 ). The PCR product for the rDNA fragment was obtained using genomic P. pastoris DNA and primers 18Sfw_PciI and 25Sbw_PciI (see Table  1 ). The location of the gained PCR product nontranscribed intergenic spacer (NTS) in the rDNA repeat locus is shown in Fig. 1 .
Cloning procedures
All the restriction enzymes, calf intestine phosphatase, T4 DNA Polymerase, and T4 DNA ligase were purchased from New England Biolabs.
For construction of the expression vector of the hSOD gene, pGAPZB and the hSOD PCR product were double digested with the restriction enzymes SfiI and NotI, followed by ligation with T4 DNA ligase to gain the desired expression vector pGAPZB_hSOD. Subsequently, pGAPZB_hSOD and the rDNA PCR product NTS were digested with the restriction enzyme PciI and ligated with T4 DNA ligase to gain the desired expression vector pGAPZB_hSOD_NTSFW. For construction of the expression vector of the HSA gene pPuzzle_GAP_HSA was NotI digested and blunt ended by T4 DNA polymerase. The rDNA fragment NTS was gained by digestion of pGAPZB_hSOD_NTSFW by PciI, followed by blunt ending with T4 DNA polymerase. The blunt-ended fragments of pPuzzle_GAP_HSA and NTS were ligated with T4 DNA ligase to gain the desired expression vector pPuzzle_ GAP_HSA_NTSFW.
Pichia pastoris transformation
Transformation of P. pastoris by electroporation was performed following the standard protocol described in the Pichia manuals (Invitrogen). The expression vectors were linearized as follows: pGAPZB_hSOD by AvrII for integration into the GAP promoter locus, pGAPZB_hSOD_ NTSFW by SpeI for integration into the rDNA locus, pPuzzle_GAP_HSA by AscI for integration into the AOX terminator locus, and pPuzzle_GAP_HSA_NTSFW by SpeI for integration into the rDNA locus. hSOD expression vectors were transformed into P. pastoris X-33 and HSA expression vectors were transformed into the proteasedeficient strain SMD1168H. Transformants were initially selected on 25 mg mL À1 Zeocin.
Generation of multicopy strains
After transformation, 12 clones of each construct were stepwise transferred to YPD agar plates (L À1 : 10 g yeast extract, 10 g peptone, 20 g glucose, and 20 g agar) with increasing Zeocin concentrations, starting with 25 mg mL À1 .
The clones selected on 25 mg mL À1 Zeocin were restreaked on plates with 100 mg mL À1 Zeocin. The subsequent Zeocin levels were 500, 1000, 2000, and finally 5000 mg mL À1 , leading to the generation of clone families where the clone selected on the lower Zeocin level represents the parental strain of the clone selected on the next higher level. The strains are named accordingly. Exemplary, the first clone of hSOD integrated into the NTS-sequence is named X-33_hSOD_NTS#1_25. After selection on 100 mg mL À1 , the next clone is named X-33_hSOD_NTS#1_100 and so on. 
Shake flask experiments
Shake flask experiments were carried out in 100 mL shake flasks on a Multitron II shaker (Infors, Switzerland) 
Analytical methods
Cell growth measurement by OD
The samples were diluted in 0.1 M HCl up to 1 : 1000 to measure the OD 600 nm .
Biomass determination by dry cell weight
Culture (2 Â 5 mL) were centrifuged. The supernatants were used for further analysis. The pellets were resuspended in 0.1 M HCl, recentrifuged, and the pellets again resuspended in ddH 2 O, transferred to a weighed beaker, dried at 105 1C until constant weight.
Quantification of HSA by enzyme-linked immunosorbent assay (ELISA)
HSA from culture supernatant was quantified by the Human Albumin Elisa Quantitation Kit (catalog no. E80-129, Bethyl Laboratories Inc., Montgomery, TX) following the supplier's instruction manual. The HSA standard was used with a starting concentration of 1 mg mL À1 . Samples were diluted accordingly in sample diluent (50 mM Tris, 0.14 M NaCl, 1% BSA, and 0.05% Tween 20).
Quantification of hSOD by ELISA
For the determination of the content of recombinant protein (hSOD), aliquots of approximately 1.0 mg yeast dry mass (YDM) of the samples were centrifuged in Eppendorf tubes (15 000 g, 1 min); the supernatants were removed. The cells were resuspended in 500 mL of buffer [20 mM Tris-HCl pH 8.2, 5 mM EDTA, 0.1% Triton X-100, 7 mM b-mercaptoethanol, 1 mM CuSO 4 , 0.1 mM ZnSO 4 , and protease inhibitor cocktail (from Sigma P2714-1BTL stock solution 10 000 times concentrated)] and an equal volume of glass beads (0.50 mm in diameter; Sartorius) was added. For cell disruption, samples were treated in a Thermo Savant Fastprep FP120 three times (speed 6.0 m s À1 for 30 s). After centrifugation, the supernatant containing hSOD was removed. The hSOD content was measured using the ELISA method described by Porstmann et al. (1988) .
Determination of the copy number by real-time PCR
Quantitative real-time PCR was accomplished using the ROTORGENE 6000 system (Corbett Life Science, Australia). PCR was performed in a 10 mL reaction mix containing 4 ng of genomic DNA, 5 mL 2 Â SensiMixPlus (Quantace, UK), and 0.25 mL of each 10 pM primer. All DNA concentrations were measured with a spectrophotometer at 260 nm (Nanodrop). The amplification reaction profile included a 10-min hotstart at 95 1C followed by 45 cycles of 15 s at 95 1C, 20 s at 60 1C, and 15 s at 72 1C. The acquisition of the signal was detected at 60 1C during each cycle. Normalization of the data was achieved using actin as a reference; for absolute quantification, a 10-fold dilution series of PCR product ranging from 10 8 to 10 4 copies per reaction was used. The number of copies per microliter was calculated using Avogadro's number. The fluorescence threshold value was calculated using the ROTORGENE 6000 system software. Primers used for RT-PCR are listed in Table 1 .
Results and discussion
Integration of the expression cassette into the rDNA locus A schematic representation of the native rDNA locus of P. pastoris is shown in Fig. 1 . The 25S, 5.8S, and 18S rRNA genes are coded in tandem, divided by a NTS. This unit is repeated several fold at the same locus. For a majority of eukaryotic organisms, the 5S rRNA gene is coded within the same repeat (usually in opposite direction regarding the other three rRNA genes). However, in P. pastoris, the 5S rRNA gene unit is located elsewhere and appears to be distributed throughout the genome and not clustered. In fact, we could identify 19 different loci for the 5S rRNA gene. This number correlates well with the determined copy number of the rDNA repeat, which is between 20 and 30 for different strains tested in our lab by RT-PCR. The integration site of the multicopy constructs presented in this study is located within the NTS region, to target the heterologous expression cassette to a highly transcribed and repetitive locus without compromising any native gene (to the best of our knowledge). Figure 2a shows the vector, exemplary for hSOD expression. The vector for expression of HSA was constructed accordingly. Figure 2b shows how the expression vector is integrated into the rDNA locus.
Shake flask screening of individual clones subjected to post-transformational vector amplification hSOD and HSA were expressed from the strong and constitutive glyceraldehyde-3-phosphate dehydrogenase promoter (P GAP ) and integrated, on the one hand, into the GAP promoter region or the AOX1 terminator, as it is usually done, and, on the other hand, into the NTS region of the rRNA gene locus. All clones were selected on 25 mg mL À1 Zeocin, as widely done for selection of recombinant P. pastoris clones. The targeted integration into the NTS region was verified by PCR (see Fig. 2c ). In order to increase selection pressure and to select for clones that amplified the heterologous expression cassette, 12 clones of each construct were randomly chosen and restreaked on agar plates with increasing Zeocin concentration. Clones grown on a plate with 25 mg mL À1 Zeocin were grown on 100 mg mL À1 Zeocin, subsequently on 500 mg mL À1 , and so on. The final concentration was 5000 mg mL À1 Zeocin. Figure 3 shows the results for hSOD production with these clones in shake flasks. After transformation, the clones show a quite uniform distribution of mg g À1 hSOD per YDM, most of them being around 0.244 mg g À1 hSOD per YDM. However, some clones have a significantly higher productivity (mg g À1 hSOD per YDM) independent of the integration locus as exemplified by clone 2 in the GAP locus and clones 3 and 12 in the NTS locus (see Fig. 3 ). These clones have a higher copy number from the beginning (data not shown). Restreaking of all of these clones on higher Zeocin concentrations leads to a significantly improved productivity (mg g À1 hSOD per YDM) for the clones integrated into the NTS locus, while the GAP clones do not show any improvement, except clone number 6. Figure 3b shows 12 clones, where the expression cassette has been integrated into the NTS locus. Some of these clone families (e.g. X-33_hSOD_NTS#4, #7 and #12) show an increase in productivity up to clones selected on 500 mg mL À1 Zeocin and then a decrease. As it has been published that Cu/Zn concentrations can be limiting for the production of hSOD (Hartman et al., 1986; Gonzalez et al., 2003) , some clone families were tested with an increased Cu/Zn concentration. Figure 3c shows clone families X-33_hSOD_NTS#3, #4, #7, #10, and #12 in shake flask cultures with 10 Â Cu/Zn concentrations (20 mM Cu and 2 mM Zn). In this case, productivity correlates well with selective pressure by antibiotic concentration. However, growth in shake flasks is impaired at such high Cu/Zn concentrations, which is also reflected by a generally lower productivity level. In the case of HSA, the productivity (mg g À1 HSA per YDM) is similarly uniform between the clones after transformation. However, two clones were found with integration into the GAP locus, which have a significantly higher productivity (mg g À1 HSA per YDM) than all the others (data not shown). Such 'jackpot clones' have been described before; they can be found when analyzing large numbers of individual clones. With increasing antibiotic concentration, the productivity (mg g À1 HSA per YDM) is increased for the NTS clones, but not for the GAP clones. In our case, the Fig. 5 . Kinetics of standard fed-batch cultures of Pichia pastoris clones overexpressing hSOD with different copy numbers. The yeasts were cultivated on mineral medium with glucose as carbon source. Squares represent clone X-33_hSOD_NTS#12_25, circles clone X-33_hSOD_NTS#12_500 and triangles clone X-33_hSOD_NTS#12_2000. (a) Total YDM (g), (b) total product (mg), (c) specific productivity q P (mg g À1 h
À1
), and
production level of the 'jackpot' clones was not reached by the NTS clones. The correlation of gene copy number with productivity (mg product g À1 YDM) leads to a striking picture, showing a profound difference between hSOD and HSA ( Fig. 4a and b,  respectively) . In the case of hSOD, the productivity (mg product g À1 YDM) correlates linearly with gene copy numbers over a wide range. On the contrary, HSA productivity (mg g À1 HSA per YDM) increases up to approximately five to seven gene copies, but rather decreases when copy numbers are further increased. Furthermore, variations of the productivity of different clones from the correlation line are small for hSOD, but large for HSA ( Fig. 4a and b) . It has been published before that protein production in P. pastoris and other yeasts correlates with gene copy number (Romanos, 1995) , but this correlation may reach a plateau or an increase of copy number might even be detrimental for productivity (Hohenblum et al., 2004; Inan et al., 2007) . These effects have mainly been observed for secreted proteins. Limitations of protein secretion processes have been discussed, ranging from folding, disulfide bridge formation over vesicle transport, and export from the cell (Gasser et al., 2008b) . Thus, it appears plausible that production of a secreted protein will reach a limit at a certain gene copy number where a further increase of transcription and translation due to higher abundance of gene copies will not enhance the secretion process any more. On the other hand, a protein, accumulated in the cytoplasm, is not subjected to such limitations. Different measures to dilate bottlenecks for secretion (such as expression of PDI, HAC, BiP, other helper factors, or deletion of the cell wall protein GAS1) have been described (Gasser et al., 2007; Resina et al., 2009) . Therefore, it is important to adjust gene copy numbers to the capabilities of the host cell, but also to the potential procured by the overexpression of helper factors that improve secretion. In fact, it was shown that in case of PDI overexpression a correlation of target gene copy number and PDI gene copy number exists (Inan et al., 2006) . The method for vector amplification described here enables a stepwise copy number increase up to a limitation, with the potential to further increase expression after these limits have been overcome by different cell engineering approaches. As mentioned before, it appears noteworthy that the ratio of productivity (mg product g À1 YDM) to copy number is much more variable for HSA (even at low copy numbers) as compared with hSOD (see Fig. 4 ). The secretory system therefore appears to be subject to a high clonal variability, whereas the transcriptional and translational machinery themselves seem to function quite uniformly in different clones.
Evaluation of exemplary clones in high-celldensity cultivations
To assess the general potential of the constructed strains and to verify that the trend seen in the shake flask experiments also holds true for high-cell-density cultivations (production process conditions), the clones X-33_hSOD_NTS #12 selected on 25 mg mL À1 Zeocin, 500 mg mL À1 Zeocin, and 2000 mg mL
À1
Zeocin were grown in fed-batch mode in bioreactors. Clone family #12 was chosen based on the results of the shake flask experiments. Figure 5 shows the results of the fed-batch cultivations. The formation of total YDM was nearly equal in all three cultivations. Strikingly, the total product concentration reached by X-33_hSOD_NTS#12_2000 shows an 11.2- 
Gene copy number Data of fed-batch cultivations of the respective Pichia pastoris strains on mineral medium with glucose as the carbon source. Fermentation temperature was controlled at 25 1C, pH was controlled at 5.85, and the dissolved-oxygen concentration was maintained 4 20% saturation. fold increase compared with X-33_hSOD_NTS#12_25. X33_hSOD_NTS#12_500 shows a 5.8-fold increase, respectively. This is in good accordance with the results of copy number determination of the clones as seen in Fig. 6 and Table  2 . The copy number of the clones was determined by RT-PCR at every time point of sampling. Throughout the whole duration of the cultivations, the copy number was stable from the initial selection to the end of the fed-batch cultivation, corresponding to at least 28 generations (data not shown). The fold increase driven by the copy number of expression cassettes is also reflected by the increase of mean specific productivity (q Pmean ), mean volumetric productivity (Q Pmean ), and maximal volumetric productivity (Q Pmax ) (see Fig. 6 and Table 2 ). The results of high-cell-density production of an intracellular heterologous protein did show that the concept of multicopy generation in the rDNA locus of P. pastoris has a striking impact on productivity. For the secreted protein HSA clone family #10 of SMD_HSA_NTS selected on 25 mg mL À1 Zeocin, 500 mg mL
Zeocin and 2000 mg mL À1 Zeocin was chosen based on the results of shake flask experiments. Although SMD_HSA_ NTS#10_2000 performed better than SMD_HSA_NTS# 10_500 in shake flask experiments, the copy number determination revealed that the clone selected on 500 mg mL À1 Zeocin Fig. 7 . Kinetics of standard fed-batch cultures of Pichia pastoris clones overexpressing HSA with different copy numbers. The yeasts were cultivated on mineral medium with glucose as the carbon source. Squares representing clone SMD_HSA_NTS#10_25, circles clone SMD_HSA_ NTS#10_2000, and triangles clone SMD_HSA_NTS#10_500. (a) Total YDM (g), (b) total product (mg), (c) specific productivity q P (mg g À1 h
), and (d) volumetric productivity Q P (mg L À1 h À1 ).
had more copies integrated in the rDNA locus than the clone selected on 2000 mg mL À1 Zeocin. Therefore, it was interesting to characterize these clones under high-cell-density fed-batch conditions (Fig. 7) . Clone SMD_HSA_NTS# 10_500 has an about twofold increased gene copy number compared with SMD_HSA_NTS#10_25. The corresponding product accumulation is increased eightfold. Clone SMD_HSA_NTS#10_2000 shows an increase of the product accumulation by 5.5-fold. Similar increases have been determined for q Pmean , Q Pmean , and Q Pmax (see Fig. 8 and Table 3 ). Consequently, productivity is highly increased; however the dependence on gene copy number is much less pronounced than for hSOD. While selection on the higher antibiotic concentration leads reliably to an increased copy number, increased productivity depends on more parameters as seen also in Fig. 4b . Consequently, it appears worthwhile to select strains for higher copy number and then to add secretion helper factors to raise the potential for heterologous protein production of the host cells.
Conclusion
We present an efficient method for targeted copy number amplification in P. pastoris. The copy number of heterologous expression cassettes can be increased reliably and uniformly by integration of the cassette into the rDNA locus and repeated restreaking of the clones on increasing antibiotic concentrations. Clones proved to be stable from initial screening to fed-batch fermentation over at least 28 generations. The presented method is more reliable and reproducible than previous approaches. In addition, the copy number can be readily adjusted to the capability of the host cell. Data of fed-batch cultivations of the respective Pichia pastoris strains on mineral medium with glucose as the carbon source. Fermentation temperature was controlled at 25 1C, pH was controlled at 5.85, and the dissolved-oxygen concentration was maintained above 20% saturation. Fig. 8 . Fold increase of standard fed-batch cultures of Pichia pastoris clones overexpressing HSA with different copy numbers. White bars, SMD_HSA_NTS#10_25; grey bars, SMD_HSA_NTS#10_2000; and black bars, SMD_HSA_NTS#10_500.
